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Abstract

Mutations in mitochondrial DNA can cause mitochondrial diseases. This review focuses on the main functions of
mitochondria and the effect of mutations in mtDNA on the processes of mitophagy, mitodynamics and
mitochondrial biogenesis. The main mitochondrial diseases associated with specific mutations in mtDNA are
reviewed, with an emphasis on atherosclerosis. It is assumed that mtDNA mutations can provoke pathological
changes in the intima of the human aorta and activate a specific immune response, ultimately leading to the
development of atherosclerosis. Special attention is paid to the methods of targeted therapy of mitochondrial
diseases with the use of antioxidants, mitodynamics modifiers, and phototheranostics.
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INTRODUCTION

Mitochondria are two-membrane eukaryotic organelles that perform a variety of functions. They appeared
1.5-2 billion years ago as a result of endosymbiosis with alphaproteobacteria”. The mitochondria’s main
role as the powerhouse of the cell is to provide it with ATP as the energy source, which is formed through
the oxidative phosphorylation (OXPHOS) process. In addition, mitochondria are involved in other
processes such as signaling, calcium maintenance, beta-oxidation of fatty acids, and regulation of apoptosis
and the cell cycle®.

Due to their endosymbiotic origin, mitochondria have their own ring-shaped DNA (mtDNA). However,
the main part of the mitochondrial proteins and RNA genes resides in the nucleus, with a smaller part
encoded in mtDNA. Human mtDNA contains 16,569 base pairs, comprising the light (L) and heavy (H)
chains"’. The heavy chain contains a large amount of guanine and encodes 12 subunits of the oxidative
phosphorylation system, 2 rRNAs (12S and 16S), and 14 tRNAs. The light chain is rich in cytosine and
encodes one subunit of the oxidative phosphorylation system and 8 tRNAs". In total, mtDNA contains
genes encoding 2 rRNAs, 13 electron transport chain proteins, and 14 tRNAs. A non-coding regulatory
region known as the D-loop (bias loop) is also present in mtDNA. It shifts the reading frame of light chain
genes during replication and transcription”. Genes in mtDNA are located more condensed than in nuclear
DNA. Hence, there is an increased risk of polymerase disruption during replication and, consequently, the
accumulation of mutations in mtDNA.

Mutations in mtDNA can negatively affect vital functions and cause inherited diseases. These mutations are
categorized into heteroplasmic and homoplasmic, based on the proportion of mitochondria with mutated
mtDNA. Heteroplasmic mutations are found in a share of mtDNA copies, and their phenotypic expression
is determined by the mutation frequency. In the homoplasmic case, mutations are found in all copies of
mtDNA in a cell. mtDNA mutations predominantly negatively affect the functioning of the oxidative
phosphorylation system and transcription processes, which leads to the inability of mitochondria to
mitophagy, increased oxidative stress due to ROS accumulation, inflammatory processes, impaired
anabolism and catabolism'. Mitochondrial diseases are primarily transmitted through the maternal line”.
Aside from hereditary transmission, mtDNA mutations can also be somatic, which are predominantly able
to accumulate in the elderly age™®. The most common diseases associated with mutations in mtDNA are
progressive external ophthalmoplegia, MELAS, maternal inherited diabetes mellitus, maternal inherited
deafness, Leigh syndrome, Alzheimer’s disease, Parkinson’s disease, cancer, and atherosclerosis®*.

In atherosclerosis, mutations in mtDNA can potentially affect inflammatory processes and also cause a
specific immune response in endothelial and subendothelial cells"". Such pathological processes in artery
walls can be caused by mutations in the mtDNA genes encoding rRNA12S, UUR, and CUN recognizing
codon tRNA-Leu, as well as subunits of the electron transport chain: 1, 2, 5, 6 NADH Dehydrogenase and
cytochrome B""?. It was also found that the inflammatory response in atherosclerotic arteries is caused by
the activation of macrophages by multiply modified low-density lipoproteins (mmLDL)".

Currently, one of the most promising pathways for the therapy of mitochondrial diseases is the activation of
mitophagy processes in cells containing mutated mtDNA. Mitophagy is a type of autophagy that reduces
the number of mitochondria when there is a lack of nutrients, lyses mitochondria with damaged functions,
and reduces the frequency of mutational mtDNA"*. Thus, activation of mitophagy in therapeutic treatment
can potentially help to reduce the frequency or severity of diseases associated with mutations in mtDNA.
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MITOCHONDRIA (FUNCTIONS AND ROLE IN CELLS)

The functions of mitochondria in the cell are to provide energy, regulate the cell signaling, apoptosis and
mitophagy, cell cycle, beta-oxidation, synthesize reactive oxygen species (ROS), activate the response of the
endoplasmic reticulum to stress, and maintain the calcium level in the cell. Mutations in mtDNA result in
dysfunctions of these processes in mitochondria, as well as an increase in ROS levels, which can lead to
mitochondrial diseases"*.

The main function of mitochondria is the synthesis of ATP. Mitochondria make the greatest contribution to
cell energy provision due to the processes of oxidative phosphorylation (OXPHOS), which occurs in the
electron transport chain (ETC) of mitochondria. ETCs include four respiratory complexes:
NADH:ubiquinone oxidoreductase (complex I), succinate:ubiquinone oxidoreductase (complex II),
ubiqunol:cytochrome ¢ oxidoreductase (complex III), cytochrome-c oxidase (complex IV), and electron
carriers: ubiquinol pool and cytochrome C. During oxidative phosphorylation, a proton gradient is formed,
due to which ATP synthase (complex V) can synthesize ATP by transferring protons from the
intermembrane space through the F, region to the mitochondrial matrix, in the F, region. Conformational
change of the catalytic subunits causes an ATP synthesis reaction (ADP + Pi = ATP + H,0)"". Reduction
equivalents in ETC come from the Krebs cycle, which also takes place in mitochondria. The Krebs cycle not
only provides ETC with reducing equivalents (NADH and FADN2), but also participates in the metabolism
of amino acids, carbohydrates, and fatty acids, as well as maintaining calcium levels. A by-product of
oxidative phosphorylation is reactive oxygen species (ROS), which are mainly produced by complexes I and
I1I in the electron transport chain”. In addition to ROS, which include hydrogen peroxide (H,0,),
superoxide radical (O,”), and hydroxyl radical (OH-), the by-products of oxidative phosphorylation are S-
nitrosothiols (RSNO) and reactive nitrogen species (RNS), which include the nitroxyl anion (NO"), nitroxyl
cation (NO"), nitrate (NO,). In small amounts, ROS, RSNO, and RNS can be absorbed by the antioxidant
system or used to maintain redox balance, and perform signaling functions, activate transcription factors,
and participate in apoptosis processes*"”. In addition, ROS can both take part in cell proliferation,
facilitating cell growth by regulating the activity of kinases (Src, MAPKs, and Akt), transcription factors
(NF-kB), and be responsible for inflammatory processes and specific immune responses through

20,21]

phosphorylation and RIG-I mediated dimerization of IRF-3 and subsequent production of IFN-p=**'l,

The consequences of mtDNA mutations are malfunctions of OXPHOS, antioxidant systems, and gene
transcription processes, which lead to increased oxidative stress. Higher ROS levels negatively affect the
integrity of nearby mtDNA, proteins, and mitochondrial membranes. In cases of critical ROS accumulation,
increased oxidative stress can lead to activation of the cell death pathway and the appearance of
inflammatory foci in tissues and organs. The occurrence of atherosclerosis, diabetes, dyslipidemia, and
hypertension is directly associated with an increased ROS level in the mitochondria®”. When modeling the
processes of oxidative stress in atherosclerotic Apoe -/- mice with superoxide dismutase-2 (SOD2)
deficiency, the development of atherosclerosis t was enhanced ™.

The mitochondrial life cycle consists of three main stages: mitochondrial dynamics, which in turn consists
of the processes of mitochondrial fusion, fission, mitophagy, and mitochondrial biogenesis. In a mutation
process, the life cycle of mitochondria can be disrupted due to abnormal gene transcription and,
consequently, mitochondrial life cycle proteins malfunction, which contributes to an even greater
accumulation of copies of mutated mtDNA.

As previously mentioned, one of the main processes occurring in the organelle is mitochondrial dynamics.
Mitochondrial dynamics (MtDy), also known as mitochondrial turnover, includes fusion stages that occur
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with the help of Opa1 (Optic Atrophy 1), Mfn-1(mitofusin-1), Mfn-2 (mitofusin-2) proteins, and fission
stages that include formation of a daughter mitochondria which involve proteins-1 (Drp-1) (Dynamin-
related protein 1) and Fis-1 (mitochondrial fission 1 protein). In this process, ROS act as signal molecules
that induce fusion and fission processes. The efficiency of the fusion and fission processes in the
mitochondrial life cycle is maintained by the level of mitochondrial population in the cell and their energy
function®. Mitochondrial dynamics (MtDy) contributes to the mitophagy of dysfunctional or damaged
mitochondria. In most cases, after the fission process, one of the mitochondria becomes depolarized and
loses the Opa1, Mfn-1, and Mfn-2 proteins, which can activate mitophagy processes. The other
mitochondrion becomes hyperpolarized and can then enter the process of mitochondrial turnover.
Mitochondrial turnover processes have a great influence on oxidative phosphorylation, apoptosis, and
mitophagy"*.

Another important process in mitochondria is mitophagy. Mitophagy is a type of autophagy that controls
the number of mitochondria and helps reduce the number of mitochondria with damaged functions or
mutated copies of mtDNA. There are several types of mitophagy: basal mitophagy, stress-induced
mitophagy, and programmed mitophagy"”. Mitophagy can also be divided into two types: ubiquitin-
dependent and ubiquitin-independent mitophagy. Ubiquitin-dependent mitophagy may follow one of
several pathways. PTEN-induced kinase 1 PINK1/parkin pathway operates in mitochondria with impaired
membrane potential and is triggered by PTEN-induced kinase 1 (PINK1)**. Contrary to this, in intact
mitochondria, PINK1 can be degraded by the ubiquitin ligases E3, UBR1, UBR2, and UBR4"). When the
membrane potential of mitochondria is disrupted, PINK1 phosphorylates S65 in ubiquitin on the outer
mitochondrial membrane, which in turn indirectly activates E3 ligase via Parkin to continue mitophagy"™.

Another type of mitophagy, Parkin-independent mitophagy, is divided into three subtypes: receptor-
mediated, lipid-mediated, and ubiquitin-mediated mitophagy”". Receptor-mediated mitophagy involves
BNIP3, BNIP3L, BCL2L13, FUNDC1, FKBPS8, and PHB2 interacting in the mitochondrial matrix with LIR,
which binds to microtubules-associated 1A/1B LC3S, attaching the phagosome for further mitophagy™”. In
lipid-mediated mitophagy, the inner mitochondrial membrane breaks, after which cardiolipins bind the
mitochondria to the phagosome, while ceramide from the mitochondrial matrix enters the cytoplasm, binds
to LC3B, and promotes further mitophagy™. In ubiquitin-mediated mitophagy, P62, VPS13D, DRP1, and
other ubiquitin ligases bind to ubiquitin chains, facilitating the connection of the mitochondria to the
phagosome™.

Mitochondrial biogenesis is another key process that occurs in the mitochondria. Mitochondrial biogenesis
is a process that stimulates the formation and development of new mitochondria. This process is
predominantly carried out by SIRT1, AMPK, NRF-2, PGC-10, and PPARe. In addition to mitochondrial
biogenesis, SIRT1, AMPK, and NRF-2 also engage in the activation of mitophagy, autophagy, and inhibit
inflammasome formation. AMPK and SIRT1 promote mitochondrial biogenesis by activating PGC-1a.
Moreover, AMPK and SIRT1 are involved in mitophagy, autophagy, and metabolic pathways. SIRT1 is
indirectly involved in autophagy via activation of Rab7, a G protein that provides autophagosome-lysosome
fusion, and also through deacetylation of the FOXO1 transcription factor, enhancing the transcription of
genes necessary for autophagy””. AMPK also promotes autophagy by phosphorylating ULK1 and AMPX is
also capable of inhibiting mTORC1, which in turn has anti-autophagosomal activity”. During fasting with
amino acids and glucose, inhibition of mTORC1 occurred simultaneously with phosphorylation of ULK1-
Sers55 and activation of AMPK. In addition, phosphorylation of ULK1-Ser555 promotes switching from
canonical autophagy to mitophagy-specific pathways after AMPK activation””. AMPK and SIRT1 activate
mitophagy processes by enhancing the transcription of Parkin and Pink1. In addition, AMPK and SIRT1
are involved in metabolic pathways, mutually promoting their activation. PGC-1a stimulates mitochondrial
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biogenesis by affecting the transcription factors NRF-1, ERRa (estrogen-related receptor alpha), and
PPAR¢"”Y. PGC-1q, acting on the transcription factor NRF-1, promotes transcription of Tfam, NRF-2, and
TFB1, which in turn stimulate mtDNA replication”. When PGC-1a acts on ERRa, it increases the
expression of SIRT3, which is responsible for enhancing the transcription of ETC and SOD2 proteins'*”.
Through PPARa, PGC-10a increases the expression of CPT1 (carnitine palmitoyltransferase-1) and UCP-2,
which reduces the production of superoxide in the mitochondria". Transcription factor NRF-2, in turn,
takes part in biogenesis by activating NRF-1.

Proinflammatory processes may also originate in the mitochondria. With the accumulation of mutations in
mtDNA, mitophagy may be disrupted, leading to an even greater increase in ROS levels, which causes
increased oxidative stress and contributes to cell death and the occurrence of inflammatory processes in
tissues. The potential site of ROS formation is complex I and III of the mitochondrial respiratory chain'.

Thus, mitochondrial mutations in the genes encoding subunits of complexes I and III lead to an increase in
oxidative stress. The process of mtDNA release into the cytoplasm as a result of apoptosis depends on the
level of ROS and NLRP3 in the inflammasome!*’. As a result of apoptosis, BAK/BAX proteins increase the
permeability of the outer membrane for cytochrome ¢, which causes its release into the cytoplasm and
destruction of mitochondrial contents, while BAK/BAX form sufficiently wide pores in the inner
mitochondrial membrane*). mtDNA is able to enter the cytoplasm through those pores and cause
inflammatory processes. Inflammation by macrophages can be induced by lipopolysaccharides (LPS) and
ATP under the action of NLRP3 and ROS, where the presence of NLRP3 in a cell will be the limiting
factor'!. The extracellular innate immune response of cGAS-TMEM173 (STING) and Igl synthesis are also
mediated by the presence of mtDNA in the cytoplasm as a marker of apoptosis'*. Thus, mtDNA in the
cytoplasm is a powerful proinflammatory factor mediated by high levels of oxidative stress and the presence
of NLRP3. Thioredoxin (TRX) and thioredoxin-interacting proteins (TXNIPs) may be involved in
inhibiting inflammasome formation. The formation of inflammasome depends on the interaction between
TXNIP and NLRP3. If the cell does not experience oxidative stress, then inflammasomes are not formed due
to the complexation of TXNIP with TRX"". Under oxidative stress, the TXNIP complex with TRX breaks
down due to the oxidation of TRX. It should be noted that NRF-2, SIRT1, and AMPK inhibit
inflammasome formation. Thus, NRF-2, indirectly through SIRT1 stimulation, increases the expression of
TRX and TRX-reducing thioredoxin reductase””. In addition, NRF-2-driven gene transcription limits
NLRP3 inflammasome activity through downregulation of NF-«B activation, and CASP1, IL1B and IL18
expression™. AMPK, in turn, reduces TXNIP transcription and also accelerates the proteasomal
degradation of TXNIP"“. Furthermore, quercetin not only decreases the levels of the NLR family but also
exerts an anti-inflammatory effect by promoting mitophagy, which consequently reduces mtROS
accumulation and NLRP3 inflammasome activation”.

DISEASES ASSOCIATED WITH MITOCHONDRIA DYSFUNCTION

The discovery of mutated mtDNA in human cells is a relatively recent development, dating back to 1988
Currently, more than 200 mitochondrial diseases associated with mutations in more than 350 genes are
known"”. Mitochondrial diseases are more common in the elderly than in children and can be caused by
the aging process as well as environmental pollution, physical inactivity, smoking, and alcohol

51]

consumption. Mitochondrial diseases can be associated with mutations occurring both in mitochondrial
and nuclear DNA encoding mitochondrial proteins.

As shown earlier, mtDNA mutations can be homoplasmic or heteroplasmic. The phenotypic manifestation
of heteroplasmic mutations is determined by the frequency of occurrence of mutational mtDNA, which is
specific to a particular disease and is called the phenotypic threshold effect. Mitochondrial diseases



Page 241 Gavrilova et al. J Transl Genet Genom 2023;7:236-58 | https://dx.doi.org/10.20517/jtgg.2023.38

associated with mtDNA can be inherited through the maternal line, as well as be somatic, and accumulate
with age.

Diseases connected with mtDNA mutations and dysfunctions of mitochondria

Mutations in mtDNA are associated with high levels of oxidative stress, which is a consequence of improper
functioning of oxidative phosphorylation and antioxidant systems. Interestingly, more than half of all
mtDNA mutations occur in the gene encoding 22 tRNAs™. Kearns-Sayre syndrome (KSS)****), Leber
Hereditary optic neuropathy (LHON)"***, Leigh Syndrome (LS)"*"**, Myoclonic epilepsy with ragged red
fibers (MERRF)"**, Mitochondrial encephalopathy, lactic acidosis, and stroke-like episodes (MELAS
syndrome)'”***, Progressive External ophthalmoplegia (CPEO/PEO)"**¥, monoclonal immunoglobulin
deposition disorder (MIDD)!**”", diabetes (NIDDM)">"*, NARP syndrome*®, Alzheimer’s and Parkinson’s
diseases””™, cancer™*, non-alcoholic liver disease (NAFLD)"**! atherosclerosis, cardiomyopathy,
encephalomyopathy, and other diseases are associated with mutations in mtDNA®".

Mitochondrial dysfunction in the context of atherosclerosis pathogenesis

Atherosclerosis is a disease related to a thickening of walls of large enough elastic arteries, eventually leading
to almost complete occlusion of the circulation™. Atherosclerosis is manifested in the formation of
atherosclerotic lesions, which, in addition to many different features, contain so-called foam cells™.

Multiply modified low-density lipoproteins (mmLDL) are capable of induction of foam cell formation (by
macrophages, for example). It should be mentioned that one of the most cited in the literature atherogenic
modifications of LDL is oxidation (oxLDL)"*"; however, desialylation of LDL was also shown to be a
potential main modification leading to LDL acquisition of atherogenic properties™®. Interestingly enough, it
was recently shown that native LDL and mmLDL have different effects on mitophagy in monocyte-like
cells™.

For a long time, it was unclear whether atherosclerosis is a consequence of mutations or their cause.
However, using prone to atherosclerosis C57BL/6] mice "linewith" apolipoprotein (Apo) E (-/-) gene
deficiency, it was discovered that a significant number of mtDNA deletions accumulate in mice by the age
of 2 months, while phenotypic manifestations of atherosclerosis in the form of plaques occur in mice aged 6
or more months®™. These results show that mutations of mtDNA contribute to the formation of
atherosclerosis.

Thus, atherosclerosis can also be considered a mitochondrial disease that can cause other cardiovascular
diseases, such as atherosclerotic heart disease, myocardial infarction, brain stroke, circulatory disorders, and
heart failure. For instance, a correlation was found between stroke and myocardial infarction in patients and
mutations in the control region (CR) of mtDNA. A study revealed that mtDNA mutations m.16145G>A
and m.16311T>C are a potential genetic prerequisite for stroke, while m.72T>C, m.73A>G, and
m.16356T>C are a factor for myocardial infarction”. Using RT-PCR, it was identified that the following
mtDNA mutations are most likely to be connected with cardiovascular system diseases: C3256T (gene MT-
TL1), G12315A (gene MT-TL2), G13513A (gene MT-ND5) and G15059A (gene MT-CYB)"?.

Atherosclerosis is supposedly correlated to some mtDNA haplogroups. Thus, haplogroups A and M7a were
reliably associated with coronary atherosclerosis, while haplogroup D4a was with myocardial infarction.
There are also differences in the prevalence of mitochondrial mutations associated with atherosclerosis in
different populations, as shown by Kirichenko ef al.®". In a study of the association of mtDNA mutations
with asymptomatic atherosclerosis in women, it was found that correlations between the heteroplasmy
levels of mutations C3256T, G14709A, G12315A, G13513A and G14846A may be associated with

haplogroups®.
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One of the markers of mitochondrial functioning is mtDNA copy number (mtDNA-CN), which reflects the
number of mitochondrial genomes per mitochondria and the number of mitochondria per cell. It was
found that a decreased level of mtDNA-CN in patients leads to an increase in the risk coefficient for
coronary heart disease, stroke and CVD, while an increased level of mtDNA-CN lowers this coefficient*.
According to another research, the level of mtDNA-CN in patients with CHD is significantly lower
compared to control®”. The number of copies of mtDNA depends on both genetic and external factors.
Abnormalities in mtDNA-CN levels are associated with increased oxidative stress, activation of the immune
response, aging, environmental factors, and bad habits. It was also found that a lowered level of mtDNA-
CN can be connected with atherosclerosis development®”. However, there is also an opinion that the effect

of mtDNA-CN on the development of CHD is insignificant'*”.

Cells of the immune system other than macrophages (including T- and B-cells) also contribute to
manifestations of atherosclerosis"*™. There are certain differences in atherosclerosis development between
men and women""". Inorganic phosphate may play a role in atherosclerosis"**'*”, which is not a big surprise
considering the importance of phosphate for living organisms. Polyphosphates, which can be found in
many organisms from humans" to yeast'”, have many functions and are closely associated with
mitochondrial activity, and can be an under-investigated component potentially influencing atherosclerosis
development and atherosclerosis-caused complications due to their connection with platelets, coagulation,
and inflammation"*".

Pathophysiological changes in endothelium are one of the first manifestations of initial atherosclerosis.
Under normal conditions, endothelial cells regulate the lumen of the blood vessel by expanding and
narrowing it. However, in the context of atherosclerotic lesions, due to oxidative stress, the activity of
endothelial nitric oxide synthase (eNOS) in endothelial cells decreases, weakening the synthesis of NO,
which is responsible for preventing the expression of endothelial cell adhesion molecules, chemokines, and
inhibiting platelet aggregation*”.

Atherosclerotic lesions also affect vascular smooth muscle cells (VSMC). Dedifferentiation processes occur:
synthetic VSMC reduce the expression of contractile proteins, increase proliferation, and reconstruct the
extracellular matrix (ECM), leading to wall thickening, functional impairment, development of

[108]

atherosclerotic plaque, and narrowing of the vascular lumen"*.

Atherosclerotic mutations also correlate with age: mutations G12315A, G14459A, and G15059A were
strongly associated with the age of patients, while antiatherogenic mutations (single-nucleotide substitutions
A1555G and G14846A) were negatively correlated with age*. When studying heteroplasmic mtDNA
mutations in groups of patients with coronary heart disease, arterial hypertension, and healthy ones, a
pattern was shown in which the individual load of heteroplasmic single nucleotide variants (mtSNVs)
increases with age, and the age effect was stronger for low-level heteroplasmy (heteroplasmic fraction, HF,
5%-10%)"""". Patients with coronary heart disease (CHD) also showed an increased number of heteroplasmic
mtDNA variants in the control region (CR), deletions of heteroplasmic mtDNA, and single-nucleotide
variants of heteroplasmic mtDNA"".

Atherosclerosis is closely associated with aging, which in turn is closely associated with the increase in
amyloid-caused pathologies, and thus it is quite logical that amyloid deposits can be found in atherosclerotic
lesions""”. It seems to be a reasonable approach to consider the use of the anti-amyloid and anti-prion
systems in attempts to prevent or delay atherosclerosis development, at least in some preliminary studies.
The similarities between amyloids in yeasts and animals on a molecular level make possible further
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application of the results of numerous yeast prion and amyloid research on animals and humans""*""*.

Aging is one of the factors promoting the development of cardiovascular diseases, such as loss of myocardial
contractility, elasticity of the left ventricle and coronary arteries, endothelial dysfunction, and arterial
stiffness*. Aging results in telomere shortening, DNA damage, metabolic disorders, increased oxidative
stress, mitochondrial damage, disruption of mitophagy, mitodynamics and mitochondrial biogenesis""”".
Telomere length has functional value in atherosclerosis. Shortened telomeres can be observed in plaque
VSMC, macrophages, and endothelial cells, as well as in circulating lymphocytes"*®. It is worth noting that
an increased level of oxidative stress can affect telomeres: damaging their integrity!*” and inhibiting the
work of telomerase, leading to apoptosis"*. At the moment, it is still unclear whether telomere shortening
is the cause of atherosclerosis or is a sign of plaque progression'"®. A study on G4 mice (with telomerase
deficiency and severe telomere dysfunction) by means of quantitative analysis of reverse transcriptase
polymerase chain reaction and Western blotting of G4 tissues confirmed a decrease in the expression of
PGC-1a, PGC-1p, NRF-1, ERRa, PPARa and TFAM™'. A direct connection was found between telomere
dysfunction and suppression of PGC-dependent processes of biogenesis, mitochondrial functioning,
gluconeogenesis, and protection against oxidative stress.

Atherosclerosis, like some other diseases, is characterized by chronic inflammation. Additionally, it can be

[122

), and thus, certain approaches for the treatment of autoimmune

123

considered an autoimmune disease
diseases may also be helpful in the case of atherosclerosis'**. The inflammatory response due to increased
macrophage activity could be potentially caused or modified by mutations in mtDNA. Two homoplasmic
mutations were detected in the m.A1811G and m.G9477A regions and three heteroplasmic mutations in the
m.G14459A, m.A1555G, and m.G12315A regions, which may be responsible for the activation of the
inflammatory response by macrophages'".

Atherosclerotic manifestations in arterial walls are associated with mutations in the mtDNA genes encoding
rRNA12S, UUR, and CUN recognizing codon tRNA-Leu, as well as subunits of the electron transport chain:
1,2, 5,6 NADH Dehydrogenase and cytochrome B""”. Both homoplasmic and heteroplasmic mutations may
be connected with atherosclerosis. Recent studies have shown that there are mutations in mtDNA regions
del562G, m.1555A>G, m.14459G>A, and m.14846G>A connected with atherosclerosis development!"**.,

The study also showed that mtDNA mutations A1555G in the MT-RNR1 gene, as well as C3256T in the
MT-TL1 gene, G12315A in the MT-TL2 gene, and G15059A in the MT-CYB gene are associated with
atherosclerosis, since they were significantly more common in lipofibrous plaques compared to non-
atherosclerotic intima'”. For mutations associated with atherosclerosis in the mtDNA genes MT-RNR1
(rRNA 12S), MT-TL1 (tRNA-Leu, recognizing UUR), MT-ND2, MT-ND5 (NADH dehydrogenase subunits
2 and 5) and MT-CYB (cytochrome b), the average level of heteroplasmy significantly differed in
atherosclerotic lesions of the aortic intima compared to intact tissue!*”. There are numerous mtDNA
mutations associated with atherosclerotic plaque and found in leukocytes upon atherosclerosis: deletion at
4977 position and missense mutations m.1555A>G, m.3256C>T, m.3336T>C, m.13513G>A, m.15059G>A,
m.12315G>A, m.14459G>A, and m.5178C>A, m.9477G>A, m.3243A>G and m.3256C>T"*". The level of
heteroplasmic single-nucleotide mutations C3256T, T3336C, G12315A, G13513A, G14459A, G14846A, and
G15059A correlates with the size of carotid atherosclerotic plaques"””. In the study of normal and
atherosclerotic aortic wall tissue, correlations were found between various types of atherosclerotic lesions
and mitochondrial mutations: mutations G12315A and G14459A were associated with total and primary
atherosclerotic lesions of the aortic intima segments and lipofibrous plaques, mutation C5178A was
associated with fibrous plaques and total atherosclerotic lesions. A1555G had an anti-atherosclerotic effect
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in the primary lesion of lipofibrous cells. The G14846A mutation was antiatherogenic for lipofibrous
plaques™. Atherosclerotic plaques contain higher amounts of mutated mtDNA compared to unaffected

S[IZS

arteries"””. Next-generation sequencing revealed an increased number of heteroplasmic mtDNA variants in

atherosclerotic lesions of the aortic intima compared to non-atherosclerotic aortic intima"*.

Proinflammatory activity in the case of atherosclerosis is enhanced by mmLDL. mmLDL are capable of
producing autoantibodies with the further formation of immune complexes. Autoantibodies are a class of G
immunoglobulins that form an antibody-antigen complex with the protein particle of LDL. When
autoantibodies interact with native LDL, LDL have been shown to acquire the properties of mmLDL!"*,

Thus, the formation of immune complexes increases LDL atherogenicity. Moreover, mmLDL can increase
the phagocytic activity of macrophages, leading to proinflammatory reactions. Thus, the accumulation of
lipids in the cells of the aortic intima leads to an even greater immune response, and also contributes to the
formation of atherosclerotic plaque. In atherosclerotic plaque, the production of an inflammatory
environment is maintained by cytokines and chemokines'?.

As mentioned above, the inflammatory response is activated by the increased production of ROS, which
contributes to the occurrence of oxidative stress in the mitochondria. The inflammatory response is
characterized by the release of mtDNA from the damaged mitochondria and the consequent assembly of
inflammasomes by NLRP3 as a reaction to it. NLRP3 can form an inflammasome both in response to
DAMPs (damage-associated molecular patterns)!”" and directly through the release of mtDNA into the
cytoplasm. Consequently, the production of ROS and the outflow of potassium ions both increase'*.
Inflammasomes can be connected with atherosclerosis'*? and many other diseases"*”, including cancer'**.

Mitochondria play an important role in maintaining the homeostasis of immune responses in the body
through signaling pathways. For example, the mitochondrial signaling pathway derived from PGC-1a
(gamma coactivator of the 1-alpha receptor activated by the peroxisome proliferator), which indirectly
activates TFAM (mitochondrial transcription factor A) via NRF, provides stability, replication, and
transcription of mtDNA, and is also involved in immune responses"”. During inflammatory processes, in
macrophage cells, PGC-10 can activate the pathway responsible for reducing ROS production, and PGC-18
production activates mitochondrial biogenesis and stops the production of cytokines that cause
inflammation"*”. Thus, the PGC-1 protein family has antioxidant and anti-inflammatory properties,
preventing the formation of inflammasomes and activating mitophagy processes. Signaling pathways can be
further used to suppress inflammatory foci in the treatment of many diseases, including atherosclerosis.
Currently, cytoplasmic hybrids based on the THP-1 cell line containing mitochondrial mutations associated
with atherosclerosis are being developed for atherosclerosis research™*.

MITOCHONDRIA AS A THERAPEUTIC TARGET

Since mutations in mitochondria cause many diseases, mitochondria are the most important targets in
therapeutic treatment. The pursuit of targeted therapy for diseases associated with mitochondrial mutations
is in its nascent stages. Nonetheless, there are already several scientific researches devoted to the treatment
of mitochondrial diseases using targeted therapy. The most promising methods of treating mitochondrial
diseases include the usage of antioxidants, mitochondrial dynamics modifiers, and photodynamic therapy.

Antioxidants in mitochondria-targeted therapy are used to reduce the amount of ROS and consequently
reduce the impact of oxidative stress. They can also affect the processes of mitodynamics, mitophagy, and
inflammatory activity [Figure 1]. Natural antioxidants play an important role in targeted therapies. The
most common natural antioxidants include B vitamins, vitamin C, and vitamin E, as well as ferulic acid,
berberine, lipoic acid, astaxanthin, glucosamine, melatonin, and coenzyme Q10.
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Figure 1. The effect of antioxidants on mitochondria. Antioxidants contribute to the reduction of ROS levels. They also influence the
processes of mitophagy, mitochondrial biogenesis, and inflammatory activity. Glucosamine, ferulic acid, melatonin, berberine,
astaxanthin, coenzyme Q10, and lipoic acid are natural antioxidants. MitoQ, EUK-8, and EUK-134 are synthetic antioxidants.
Glucosamine, ferulic acid, and melatonin activate SIRT1, stimulating the processes of mitophagy. Berberine, affecting AMPK, also
activates mitophagy. Astaxanthin is a PPARa agonist that stimulates mitophagy and mitochondrial biogenesis by activating UCP-2 and
CPT-1. Coenzyme Q10 inhibits NLRP3, suppressing inflammatory activity and activating biogenesis processes. Lipoic acid and MitoQ
activate NRF-2, stimulating the processes of mitophagy and mitochondrial biogenesis. MitoQ, in addition to NRF-2, activates PINK, also
stimulating mitophagy processes. EUK-8 and EUK-134 simulate the work of SOD by suppressing inflammatory activity.

¢ Inflammatory
activity

Mitochondrial
biogenesis

Lupouc acud

T Mitophagy

Vitamins are organic compounds come with the food necessary for maintaining the optimal functioning of
the body. Some vitamins are also involved in maintaining redox balance and reducing ROS levels, as well as
helping to activate mitophagy processes. B vitamins, which are essential for maintaining the nervous system,
affect the processes of nuclear transcription and metabolism, including energy metabolism, as well as the
processes occurring in the mitochondria. Vitamin B1 (Thiamine) helps reduce oxidative stress in
mitochondria and also enhances autophagosomal activity, thus increasing the degradation of mutational
mitochondria™”. Thiamine deficiency affects mitochondrial division and mitophagy by activating ER stress
markers such as heat shock proteins A (HSP70), 5 (HSPA5), Xbox-binding protein 1 (XBP1), CHOP,
transcription activating factor 6 (ATFs), eukaryotic initiation factor 2A (elF2a), and caspase 12"\

Derivatives of the vitamin B2 (riboflavin), Flavin mononucleotide, and Flavin adenine dinucleotide in
particular, play an important role in the transport of hydrogen and particularly in the oxidation-reduction
reactions of ETC complexes I and II"**. It is assumed that the lowered level of riboflavin in cells can lead to
disturbances in the work of respiratory complexes I and II, which contributes to increased oxidative stress.
Presently, no direct correlations between mitophagy processes and the level of riboflavin in mitochondria
have been found. Vitamin B3 (nicotinamide) helps protect mitochondria from oxidative stress by increasing
the activity of mitochondrial nicotinamide nucleotide transhydrogenase (NNT), which transports electrons
from NADH to NADP!"*. Nicotinamide can also induce mitophagy by activating the Fis1, Drp1, and Mfn1
proteins involved in mitochondrial fusion and division"*. The active form of vitamin Be (pyridoxine),
known as pyridoxal, is also able to activate mitophagy processes through the mitochondrial isoform of
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serine, hydroxymethyl transferase (SHMT2), which plays an important role in serine metabolism"*".

Vitamin B9 (folic acid) is an important antioxidant that promotes mitophagy. It was shown that mitophagy
is activated through the PINK1-mediated pathway when methyl-p-cyclodextrin is added to folate, which
also enhances LC3 conversion"*. Vitamin C is one of the most important antioxidants, as it directly affects
the reduction of ROS levels, protecting mitochondria from oxidative stress. Vitamin C contributes to the
activation of mitophagy processes by activating the PINK1/parkin pathway. Vitamin E has significant
antioxidant and anti-inflammatory properties and is successfully used in the treatment of cardiovascular
diseases. Its antioxidant properties have also proven themselves in the treatment of atherosclerosis. Vitamin
E reduces the level of oxidative stress, as well as the level of oxidized LDL, and also regulates the activity of
cyclooxygenase and cytosolic phospholipase A2, thereby reducing the level of leukotrienes and increasing
the level of prostacyclin"*/.

Ferulic acid has anti-inflammatory and antioxidant effects, and these properties have been confirmed in
animal and cell culture studies"*. Ferulic acid can activate SIRT1 (Sirtuin 1), which leads to the activation
of mitophagy processes in the cell. In recent clinical trials, the administration of 1,000 mg of ferulic acid to
patients with hyperlipidemia had shown a beneficial effect on serum lipid composition, with a decrease in
the level of systemic markers of oxidative stress and a reduction in plasma C-reactive protein levels by one-
third"*. There are studies showing the therapeutic effect of ferulic acid in the treatment of Alzheimer’s
disease'*, cardiovascular diseases'*”, diabetes"*, neurodegenerative disorders"*”, and cancer*. Berberine
is a natural analog of metformin used in the treatment of diabetes. Berberine has a high antioxidant activity
and also contributes to the initiation of mitophagy processes by activating AMPK (AMP-activated protein
kinase)
Lipoic acid is often used in clinical cases as it promotes the activation of NRF-2 transcription"*, NRF-2,

[151 [152]

| Berberine is used as a therapy for type 2 diabetes, cardiovascular diseases, and depression

activated by lipoic acid, promotes mitochondrial biogenesis and mitophagy processes. Lipoic acid is
clinically prescribed for the treatment of patients with diabetes mellitus"*", cancer"*”, gastroenterological

[156]

diseases"*, and Alzheimer’s disease, Huntington’s, and Parkinson’s syndromes"*”. Astaxanthin, extracted
from algae, is also a natural antioxidant used as a natural medicine. Astaxanthin is an agonist of PPAR« that
is used to protect ETC from ROS"**. Astaxanthin has proven itself as a drug with anti-inflammatory activity
in the treatment of liver diseases, including liver cancer™, heart failure*”, and eye diseases such as age-
related macular degeneration (AMD), cataracts, dry eye disease, and glaucoma'*. Glucosamine is also used
in medicine as an anti-inflammatory agent. Glucosamine promotes O-GlcN protein acylation, increases the
activity of SIRT1, and therefore activates mitophagy processes"*>'”. Glucosamine is mainly used in the

144

treatment of osteoarthritis"*. Melatonin is widely used in medicine. It promotes the activation of
mitophagy and mitochondrial biogenesis by initiating transcription of SIRT1 and NRF-2 through activation
of the transcription factor BMAL1"**'*”. According to recent data, melatonin shows anti-inflammatory and
antioxidant effects in the treatment of neurodegenerative disorders, COVID-19, cardiovascular diseases"*,

insomnia, and cancer I Currently, ferulic acid,

berberine, lipoic acid, astaxanthin, glucosamine, and melatonin have proven themselves as medicinal

[167 168

l,and it also tackles autism spectrum disorders (ASD)!

substances with antioxidant properties used in the treatment of age-related macular degeneration (AMD).
Coenzyme Q10 (ubiquinone) has also proven to be one of the best antioxidants in clinical practice.
Ubiquinone participates in oxidative phosphorylation, transferring electrons from complex I and II to
complex IIT of ETC. A lack of coenzyme Q10 can lead to excessive ROS accumulation and cause oxidative
stress. Treatment of patients with CoQ10 inhibited NLRP3 activation and restored mitochondrial
biogenesis"*. In addition, in patients with atherosclerosis, CoQ10 reduced the inflammatory activity of
macrophages, lipid accumulation, and suppressed the development of foam cells in the intima”.
Coenzyme Q10 is also used in the treatment of other cardiovascular diseases.
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In addition to natural antioxidants, synthetic antioxidants are also used in the treatment of mitochondrial
diseases. The most well-known synthetic antioxidants are MitoQ, EUK-8, and EUK-134. MitoQ is a more
effective analog of coenzyme Q10. MitoQ has proven itself in the treatment of cardiovascular diseases,
improving the mitochondria functioning in blood vessels during therapy. When applied to mice with
ApoE -/-, MitoQ prevented the following metabolic syndrome-associated pathologies: obesity,
hypercholesterolemia, and hypertriglyceridemia. The ROS level was also reduced"”’. In addition, MitoQ
increases mitophagy by activating NRF-2/PINK" in diabetic kidney disease (DKD). High antioxidant
properties are also observed in EUK-8 and EUK-134, which modulate the work of superoxide dismutase
(SOD)"”. EUK-8 and EUK-134 are actively used in the treatment of cardiovascular diseases.

In addition to antioxidants, substances that can influence the processes of mitochondrial dynamics are used
in the treatment of mitochondrial diseases [Figure 2]. Most of the drugs used in mtDNA disease treatment
affect PGC-1a, AMPK, SIRT1, and PPARa. Metformin is one of the mitodynamics modifiers. It is mainly
used in the treatment of diabetes mellitus and oncology. Metformin affects AMPK (AMP-activated protein
kinase), suppressing inflammatory processes'’". AMPK also stimulates the mitophagy of mitochondria with
mutated mtDNA. Metformin application on AMPK inhibits the release of proinflammatory factors
controlled by TNF-NF-kB, and endothelial cell atherogenicity consequently decreases"””. In millimolar
concentrations, metformin is able to inhibit complex I in the mitochondrial ETC, which leads to
suppression of the activity of the electron transfer chain, resulting in a change in the energy charge of liver
adenine nucleotides, a decrease in gluconeogenesis, and activation of AMPK!”. Fenofibrate, which also
changes the dynamics of mitochondria, is used in the treatment of cardiovascular diseases, paraplegia,
quadriplegia””, hyperlipidemia, and cancer®. Fenofibrate can change the dynamics of mitochondria by
stimulating PPARa""". PPARa, by activating UCP-2 (mitochondrial uncoupling protein 2), reduces the
production of mitochondrial superoxide and CPT-1 (carnitine palmitoyl transferase I), which activates
beta-oxidation of fatty acids"”. In general, exposure to fenofibrate promotes the activation of mitochondrial

177

biogenesis and the mitophagy of mutational mitochondria. Bezafibrate affects mitochondrial biogenesis
through the PPAR-PGC-1a pathway, being a PPAR agonist"*’. Bezafibrate is mainly used in dyslipidemia
"*!l Thus, bezafibrate in carnitine palmitoyl transferase 2 (CPT2) deficiency increases the intensity
U2l Resveratrol is also a mitodynamics modifier.
*I Resveratrol

treatment!
of long-chain fatty acid oxidation and reduces muscle pain
Resveratrol is used in the treatment of cancer™, diabetes"*", and cardiovascular diseases!
contributes to changes in mitochondrial biogenesis by activating sirtuins, including SIRT1, as well as PGC-
1a"*. SRT2104 has similar SIRT1 activating properties. SRT2104 has only recently been studied for
therapeutic use. It was found that SRT2104 can significantly inhibit NF-kB activation and enhance the
expression of SIRT1 in microglia, promoting glial cell repair in ischemic or reperfusion brain injuries"*”.

Administration of SRT2104 to elderly people increased the efficiency of oxidative phosphorylation in
mitochondria, which led to faster recovery of adenosine diphosphate and phosphocreatine after exercise!*.

AICAR (aminoimidazole carboxamide ribonucleoside) is a mitodynamics modulator that promotes the
activation of mitophagy processes. AICAR is studied as a potential anti-diabetes substance, and it has
already been successfully used to treat hyperinsulinemia"*. AICAR alters mitodynamics by activating
AMPXK, which in turn activates PGC-1a"*". Activation of AMP protein kinase signaling pathways leads to
an increase in the intensity of mitochondrial biogenesis, and an increase in ATP production in fibroblasts in
patients with a deficiency or malfunction of the respiratory complex 1. Epicatechin, which is particularly
abundant in dark chocolate, also has a major impact on mitochondrial biogenesis. When epicatechin was
applied to mice, the overall level of biogenesis increased due to an increase in the production of ETC
proteins, porins, mitophilins, and mitochondrial transcription factor A (TFAM). The number of
mitochondria and their cristae also rose. When epicatechin was applied to the coronary arteries of cattle,
I Currently, studies are

192

mitochondrial biogenesis mediated by activation of citrate synthase increased!
being conducted on the applicability of epicatechin in the therapeutic treatment of diabetes mellitus™,
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Figure 2. The effect of mitochondrial dynamics modifiers on the processes of mitochondrial biogenesis. Metformin and AICAR act on
AMPK by activating PGC-1a, and consequently suppress inflammatory processes, inhibit TNF-NF-Kb, and also stimulate the processes
of mitophagy and biogenesis. Fenofibrate and bezafibrate activate PPARa, stimulating the processes of mitophagy and mitochondrial
biogenesis, by activating UCP-2 and CPT-1. Epicatechin, acting on TFAM, activates mitochondrial biogenesis. Resveratrol activates
SIRT1 and PGC-1a, stimulating the processes of mitophagy and mitochondrial biogenesis. SRT2104, Statins, and RTA-408 suppress
inflammatory activity by inactivating NLRP3 through the inhibition of NF-kB. SRT2104 and RTA-408 stimulate the process of mitophagy
and mitochondrial biogenesis by activating SIRT1and NRF-2 correspondingly.

[196]

non-alcoholic fatty liver diseases (NAFLD)"", cardiovascular diseases"*”, cisplatin nephropathy"*, and
oncological diseases"”. RTA 408 is a synthetic isoprenoid with mitodynamics modifying activity. RTA 408
enhances biogenesis by activating nuclear respiratory factor 2 (NRF-2)"**. NRF-2 also promotes mitophagy
activation. Recent studies have also shown that RTA-408 suppresses NF-kB signaling by inhibiting TRAF6
attraction to STING"”. Currently, the effectiveness evaluation of RTA 408 in the treatment of
osteoporosis"”’
commonly used substances in the treatment of cardiovascular diseases, including atherosclerosis. In the

, cognitive dysfunction®”, and diabetes™" is being conducted. Statins are the most

treatment of atherosclerosis, statins are most often used together with coenzyme Q10. Statins are inhibitors
of the enzyme 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase, an enzyme that controls
the rate of the mevalonate pathway. Statins, acting on HMG-CoA reductase, block the synthesis of
cholesterol™. Statins show numerous positive therapeutic effects: they reduce cholesterol levels, possess
antioxidant and anti-inflammatory activity, improve endothelial cell functions, inhibit heart hypertrophy,
stop processes of apoptosis in cardiomyocytes, and also work as immunomodulators®****. Statins
contribute to the regulation of inflammatory processes by inhibiting NF-«xB-dependent NLRP3 expression
and IL-1b synthesis, as shown in the human monocytic cell line THP-1""". However, serious side effects of
statins, caused by the inhibition of HMG-CoA reductase, crucial for several vital metabolic pathways, were
observed. The most common side effects in patients using statins are muscle spasms, liver damage, and non-
insulin-dependent diabetes**. In some cases, statin therapy had to be suspended.

Currently, studies are focused on the applicability of photodynamic therapy to the treatment of
mitochondrial diseases [Figure 3]. Photodynamic therapy involves delivering drugs directly to target cells,
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Figure 3. The effect of photodynamic therapy on mitochondria. Photosensitizers such as Mito-1, hypericin, and Pix, under the influence
of a certain wavelength, enter the excited state. From the excited state, they can spontaneously enter the triplet state. The triplet
photosensitizer, when interacting with O,, turns it into ROS. ROS in mitochondria contribute to the activation of mitophagy processes.

which are then activated under the influence of radiation to trigger biochemical reactions, thereby exerting a
therapeutic effect on cells, tissues, or organs. Photodynamic therapy is based on three main pillars:
photosensitizer, light, and oxygen. Currently, the possibility of using photosensitizers in the treatment of
cancer is being studied””. In addition to cancer, photodynamic therapy is a promising treatment for age-
related macular degeneration (AMD)™®. During photodynamic therapy, a photosensitizer exposed to a
certain spectrum of radiation, penetrating the cell, becomes excited. The photosensitizer can transition
spontaneously from the excited state to the triplet state, and react with molecular oxygen to produce ROS,
which in turn can induce cell death, destruction of the vascular system, or the emergence of an immune
response™. One of the photosensitizers is the triphenylamine derivative Mito-1. In the cell, Mito-1
produces singlet oxygen acting on mitochondria, increasing the intensity of mitophagy processes'.
Hypericin is a photosensitizer that potentially proved itself in the treatment of cancer. Hypericin is a
hydroxylated phenanthroperylenequinone with a delocalized = system in its aromatic rings”"'. Due to its
hydrophobicity, hypericin is mainly accumulated in endoplasmic reticulum membranes, lysosomes, Golgi
apparatus, and mitochondria®?. The antitumor properties of hypericin are caused by its effect on
mitochondrial signaling pathways, mitogen-activated protein kinase p38 (MAPK), JNK, PI3K, homologous
CCAAT-enhancer-binding protein (CHOP)/TRIB3/Akt/mTOR, TRAIL/TRAIL receptor, c-Met, and
Ephrin-Eph®”. Another promising photosensitizer is protoporphyrin IX (PpIX), which is also used in the
treatment of oncological diseases. Protoporphyrin can be used to diagnose porphyria, atherosclerosis,
COVID-19, and cancer®*.

Photodynamic therapy is a promising method for the treatment of mitochondrial diseases, mainly proven in
curing oncological diseases. Photodynamic therapy is one of the safest types of cancer treatment.

Therapies for reducing mutations in mtDNA (mitochondrial condition modulation)
mtDNA mutation prevention is one of the most promising methods of their treatment. Such therapy
includes genetic engineering methods alongside the use of pharmacological substances.
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Although research into gene therapy methods for treating mitochondrial diseases has begun relatively
recently, it is actively pursued and evolving. There is a potential for genetic engineering to emerge as the
most popular therapeutic method in the future. Genetic engineering techniques are based on removing
mutant sites of the DNA and replacing them with fully functional counterparts. The current tools under
development for the removal of defective sites include zinc fingers (mtZFN) and effector nucleases such as
transcription activators or TALEN"™". The greatest success of gene therapy has been achieved in the
treatment of LHON syndrome. Most patients with LHON have mutations in mtDNA encoding subunit 4 of
the NADH dehydrogenase complex (MT-ND4). By using an adenovirus (AAV) that carries the
mitochondrial gene and a viral capsid VP2 that promotes fusion with the mitochondrial target sequence,
gene insertion occurs and ND4 expression normalizes™®. Thus, genetic engineering can provide a way to
reduce mtDNA heteroplasmy for the treatment of mitochondrial diseases.

Some pharmacological preparations and nutrients also contribute to the reduction of mutational mtDNA
levels. Maintaining the function of mtDNA depends, among other things, on the nuclear DNA genes, which
ensure the synthesis of mtDNA and maintain the level of nucleotides. Impaired transcription of these genes
contributes to the depletion of mtDNA and the appearance of many deletions in it"”. One of the substances
that supports mtDNA synthesis is thymidine kinase 2 (TK2), which is primarily responsible for the
restoration of pyrimidine nucleotides. If TK2 is deficient, mtDNA synthesis is disrupted and myopathic
mtDNA depletion syndrome occurs””. Thus, nucleoside bypass therapy is used to maintain mtDNA
synthesis in patients with TK2 deficiency. In a study conducted on mice with a lack of TK2, it was found
that deoxythymidine and deoxycytidine promote the restoration of mtDNA synthesis and increase the
activity of oxidative phosphorylation™®. Currently, nucleoside bypass therapy is infrequently used due to
the absence of confirmed clinical trials supporting its effectiveness.

CONCLUSION

Mitochondria serve various functions in eukaryotic cells and play a significant role in ontogenesis. That is
why defects in mtDNA may negatively affect the organism and cause various diseases. As mentioned in the
paper, mutations in mtDNA and mitochondrial dysfunction are associated with and thus can potentially
contribute to the development of atherosclerosis. Currently, targeted therapy seems to be the most
promising method of treating mitochondrial diseases, as it can directly affect defective mitochondria.
Targeted therapy for mitochondrial diseases, including atherosclerosis, is still undergoing thorough studies
and has not yet been implemented in clinical practice. The most promising methods of targeted therapy are
the use of antioxidants, pharmacological substances that change mitochondrial dynamics, and
photodynamic therapy. These types of targeted therapy stimulate mitophagy, the removal of mutated
mitochondria from the cell. Another approach to treating mitochondrial diseases is gene therapy. Modern
genetic engineering methods have limited applicability so far. It is much more difficult to implement gene
therapy in vivo compared to the use of pharmacological substances or nutrients. Currently, the most
promising pathway in the treatment of mitochondrial diseases is targeted therapy that affects the
mitochondria with antioxidants and modifiers of mitochondrial mitodynamics.
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